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The effect of dry milling processes on the surface properties of an attapulgite clay, also called palygorskite, was
investigated by carrying out experiments with different types of grinding devices. Ground products were then
characterized by size measurement, scanning electron microscopy, X-ray diffraction, adsorption–desorption of
N2 and inverse gas chromatography at inﬁnite dilution (IGC-ID) as well as ﬁnite concentration conditions
(IGC-FC). These analyses were performed to evaluate the changes in particle size distribution, morphology, crys-
tallinity and surface properties of attapulgite powder, respectively. Among the tested dry grinding devices, grind-
ing in an air jetmill (Alpine 50AS) and a vibratory ballmill (Pulverisette 0) led to themost signiﬁcant particle size
reduction. SEM photomicrographs showed that a breakage of the ﬁbrous structure took place during dry grind-
ing. Moreover, long grinding in Pulverisette 0 resulted in the complete destruction of ﬁbre morphology followed
by agglomeration. XRD analysis showed thatwhatever the grinding process, themicrostructure of the attapulgite
was not affected. IGC conﬁrmed that only grinding in Pulverisette 0 affected the surface properties notably. In this
case, the most signiﬁcant decreases were observed in the dispersive component of the surface energy (164 to
116 mJ/m2) and in the speciﬁc surface area obtained with the octane probe (114.5 m2/g to 62.6 m2/g) by IGC-
ID and IGC-FC, respectively. At the same time, a modiﬁcation of the distribution functions of the adsorption en-
ergies (DFAE), giving information about surface heterogeneity, was noticed.
1. Introduction
Grinding processes are widely used in mineral industry, particularly
for the preparation of mineral ﬁllers. The aim of thesemechanical treat-
ments is often to reduce particle size. However, depending on the
ground material, grinding conditions and mechanical stresses, they
often result not only in a reduction of particle size, but also in other un-
expected changes that directly affect the physicochemical properties of
the initial solid. Furthermore, grinding can induce an increase or de-
crease in the speciﬁc surface area depending on the grinding tools and
parameters.
Grinding of phyllosilicatematerials, like clays,was the subject of sev-
eral studies, namely the grinding of montmorillonite [1,2], kaolinite
[2–6], talc [6–10], chrysotile [11,12], and vermiculite [13,14]. In these
papers, the inﬂuence of grinding on the morphology, microstructure,
speciﬁc surface area or porous structure was investigated.
However, grinding can also modify the adsorption capacity of the
phyllosilicate. Liu explored the effect of dry grinding on the capacity
of attapulgite to adsorb a dye, methylene blue [15]. Liu also showed
an improvement in the swelling properties of the superabsorbent
nanocomposites made of modiﬁed cellulose and ground attapulgite
[16]. Suraj and Hongo studied the capacity of kaolinite [7] and vermicu-
lite [17] respectively, to adsorb heavy metals in the course of grinding.
In these studies, the authors were interested in the adsorption capacity
of organic/inorganic components through end-used properties of the
solid. Upstream from the end-used properties, it would be of a great in-
terest to investigate the surface properties of the solid leading to the
end-used property. There are only a few methods to measure the sur-
face energies of powders, one of which is the inverse gas chromatogra-
phy (IGC). IGC is a powerful method for the investigation of the
modiﬁcation of the solid surface properties upon grinding. In contrast
to conventional gas chromatography, IGC studies the adsorption of a
known adsorptive on an unknown adsorbent. The adsorbent (solid
sample) is placed in the GC column while the adsorptive is a gas carry-
ing probe molecules. Therefore, the probes, which are clearly identiﬁed
molecules such as alkanes, acidic or basic molecules, are used to deter-
mine surface properties of thematerial packed into the column. Inmin-
eral ﬁeld, Balard and Papirer showed the applicability of IGC to evaluate
changes in the interactivity, morphology and heterogeneity of the solid
surface after a grinding treatment [18–20]. In the present study, IGCwas
used to examine themodiﬁcations upon grinding of the surface proper-
ties of an Algerian attapulgite. This phyllosilicate material, also called
palygorskite, is a rock extracted frommines or quarries. After a required
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grinding step, this material is used in powder form for a wide range of
applications and ﬁelds: adsorption, catalysis, environmental, agro-
food, pharmaceutical industries and production of ceramics [21,22]. In
thiswork,we examined the inﬂuence of three types of grinding devices,
a batch ball mill, a vibratory ball mill also called pulverisette zero, and
an air jet mill. In the two ﬁrst devices, the particles undergo impact
and compression between two surfaces (the wall of the jar and a ball
or between two balls). In the case of the third device, grinding occurs
in an autogenous way, the impacts occur between the particles them-
selves. The air jet mill, widely used in the pharmaceutical industry,
can produce sizes of ultra-ﬁne particles; its advantage is that contami-
nation with grinding media can be avoided. After the examination of
the particle size, morphology and microstructure, the main objective
of this work was to show that IGC is a characterisation technique suit-
able to emphasize the surface modiﬁcations under grinding.
2. Theory of inverse gas chromatography (IGC)
IGC is widely used to characterize a wide range of solid surfaces, for
example attapulgite [23], aluminas [24], graphites [18], kieselguhr [25],
polymers [26], pharmaceutical powders [27] and cotton [28]. This tech-
nique provides a lot of information about the analysed solid, especially
concerning its surface properties (surface energy, thermodynamic
properties, acid–base behaviour, etc.).
The term ‘inverse’ indicates that the material examined in the chro-
matographic column acts as the stationary phase. The probes with
known properties, which are injected into the column, are chosen ac-
cording to their ability to interact with the support, and thus they give
information about the solid surface in the column.
Depending on the amount of injected probes, IGC can be classiﬁed as
inverse gas chromatography at inﬁnite dilution (IGC-ID) and inverse gas
chromatography at ﬁnite concentration (IGC-FC).
The outcome of an IGC-ID test is the retention time of the injected
probe, tr. This value reﬂects the intensity of interactions between the
solid surface and the probe.
Retention volume, Vn, which is used to determine the thermody-
namic parameters, is related to retention time by Eq. (1):
Vn ¼ Dc tr−t0ð Þ ð1Þ
where tr is the retention time of the probes, t0 the retention time mea-
sured with a non-adsorbing probe (methane) and Dc is the corrected
ﬂow rate, which is related to Dm, the ﬂow rate measured with an elec-
tronic ﬂow meter, according to Eq. (2):
Dc ¼ Dm: j:
Tc
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where Ta and Tc are the ambient and oven temperatures, ηTa and ηTc are
the viscosities of the carrier gas at the Ta and Tc temperatures, and j is
the coefﬁcient of JamesMartin for taking into account the compressibil-
ity of the carrier gas under the effect of the pressure dropΔP as shown in
Eq. (3):
j ¼ 3
2
1þ ΔPPatm
# $2−1
1þ ΔPPatm
# $3−1 : ð3Þ
2.1. Inverse gas chromatography at inﬁnite dilution (IGC-ID)
2.1.1. The dispersive component of the surface energy, γsd
This parameter traduces the potential of a solid to undergo London
or dispersive interactions. It is calculated according to the Dorris and
Gray approach [29], by injecting linear alkanes (pentane, hexane, hep-
tane, etc.). The slope of the straight line obtained when plotting
RTLn(Vn) versus the number of carbon atoms of the alkane probes, Δ
GCH2a , gives access to γs
d by applying Eq. (4):
γds ¼
ΔGCH2a
# $2
4N2a2CH2γCH2
¼
RTLn Vn nþ1ð ÞVn nð Þ
# $2
4N2a2CH2γCH2
ð4Þ
where N is Avogadro's number, aCH2 is the surface area of one
adsorbed methylene group (0.06 nm2), γCH2 is the surface ener-
gy of a solid with only methylene groups, i.e., polyethylene
γCH2 ¼ 35:6þ 0:058 293−Tð Þ
# $
in mJ/m2, with T being the oven
temperature.
2.1.2. The nanomorphology index, IM(χt)
The solid surface is never entirely smooth at the molecular scale due
to the existence of structural defects, which are emphasized by the size
exclusion effects of some probes during the chromatographic process.
Indeed, branched or cyclic alkanes can behave differently from linear al-
kanes when adsorbed on the surface of a rough solid. This effect of sur-
face morphology can be quantiﬁed by comparing the adsorption
behaviour of linear and non-linear (branched or cyclic) alkanes, using
the nanomorphology index, IM(χt) [30], deﬁned in Eq. (5):
IM χtð Þ ¼ e
−ΔGMa
RT ð5Þ
where ΔGaM is the variation between the representative point of the
branched or cyclic alkane and the reference n-alkane straight line, χt
is the topology index proposed by Brendlé [31] and derived from
Wiener's topology indices.
When IM(χt) is equal to 1, the solid surface can be considered as ﬂat
at the molecular scale. Under these conditions, the bulky (branched or
cyclic) and the linear alkanes have access to the same surface. So both
probes have similar retention times and variations of free energy of ad-
sorption (RT lnVn). ΔGaM is near zero.
When the surface roughness increases, IM(χt) decreases and its
value can reach 0.1 as in the case of talc [32]. The access to the rough
parts of the surface is more limited for cyclic (or branched) alkane mol-
ecules than for linear ones due to steric hindrance. In the case of the cy-
clic (or branched) alkanes, the retention time and the variation of the
free energy are weaker, and ΔGaM deviates from 0.
2.1.3. The speciﬁc component of the surface energy, Isp
This parameter characterizes the polar surface and acid–base inter-
actions; it represents the contribution of speciﬁc interactions, ΔGasp,
also denoted by Isp, between polar probes and the solid surface [31]. It
can be determined from the variation between the global free energy
of the injected polar probe, ΔGa, and the straight line of alkane probes
ΔGad (Fig. 1).
The principles, advantages and limitations of IGC-ID have been sum-
marized in a review paper [31] and will not, therefore, be discussed
here.
2.2. Inverse gas chromatography at ﬁnite concentration (IGC-FC)
In the case of IGC-FC, a few microlitres of the liquid probe are
injected into a column containing the solid to be analysed, in order to
provide an approximately mono-layered coverage on the surface of
the solid. The results of this technique reﬂect the interaction of probe
moleculeswith all the sites on the solid surface. The obtained chromato-
graphic peak (Fig. 2) is highly asymmetric when ideal, nonlinear condi-
tions are fulﬁlled. Due to the presence of very-high-energy adsorption
sites, it is usually observed that a non-negligible part of the injected
probe is not eluted despite of the fact that the signal returns to the initial
baseline.
2.2.1. Irreversibility index
In order to assess the irreversibly adsorbed amount, the temperature
of the chromatograph oven is increased to a conditioning temperature,
leading to the appearance of a small secondary peak. The ratio of the
area under this thermodesorption peak (Sth) and the total area of the
chromatogram (Srv) gives an assessment to the irreversibility index
(Iirr), representing the amount of irreversible adsorbed probe material.
This index represents the amount of high energy sites. For example
with the isopropanol probe, Iirr gives a measurement of the sites able
to interact with hydrogen bond. The irreversibility index (Iirr), as previ-
ously deﬁned [18], can be calculated according to Eq. (6):
Iirr ¼ Sth= Srv þ Sthð Þ: ð6Þ
2.2.2. Isotherm of desorption
By applying the ‘elution characteristic pointmethod’ (ECP) to the re-
versible isothermal part of the experimental chromatogram, IGC-FC also
gives access to the desorption isotherm of the probe molecule, from a
single chromatographic peak [33]. The ﬁrst derivative of the isotherm
is directly related to the net retention time of each point in the diffuse
front of the chromatogram as shown by Eq. (7):
∂N
∂P
! "
L;tr
¼ Dc
m R T
tr−t0ð Þ ð7Þ
where, for each point on the rear diffuse proﬁle of the chromatogram, N
is the number of adsorbed probe molecules, P is the partial pressure of
theprobe compound at the output of the column, L is the column length,
tr is the retention time of this point, t0 is the retention time of CH4, Dc is
the corrected ﬂow rate,m is themass of the column packing and T is the
oven temperature.
By integrating Eq. (7), the desorption isotherm of the probe can be
obtained, the pressure of the probe being directly related to the height
of the signal at this point. Applying the BET linearization to this iso-
therm, its main parameters, the speciﬁc surface area, the Henry and
the BET constants can be assessed. All calculations were performed
using a special software from the ADSCIENTIS society (Wittelsheim,
France).
On theother hand, the shape analysis of the isotherm reveals thedis-
tribution functions of the adsorption energy sites (DF), which are relat-
ed to the surface heterogeneity of the column packing. The calculation
of DF is based on a physical adsorption model, which assumes that the
global isotherm can be considered to be the sum of local isotherms of
adsorption on isoenergetic domains (patchwork model) [18,19,34].
Thus, the distribution function of the relative abundance of each type
of domain, having the same characteristic energy of interaction (ε), is
given by the following integral (Eq. (8)):
N T; Pð Þ ¼ N0
Z
Ω
θ ε; T; Pð Þχ εð Þ dε ð8Þ
where N(T,P) is the number of molecules adsorbed at pressure P and
temperature T, N0 is the number of molecules which can form a mono-
layer, θ(ε,T,P) is the local isotherm corresponding to adsorption sites
having the same characteristic adsorption energy ε, χ(ε) is the so-
called distribution function of the adsorption energies (DFAE) describ-
ing the energies which exist at the gas–solid interface, Ω is the physical
domain of the adsorption energy, and ε is the characteristic energy.
2.2.3. Heterogeneity index
The index of surface heterogeneity, Ihete, deﬁned in Eq. (9), which
permits the comparison of the surfaceheterogeneity of the studied sam-
ples, can be determined by comparing the computed DFwith the DF de-
scribing a homogeneous surface that ﬁts the left descending branch of
the experimental DF towards the lowest interaction energies [18]:
Ihete ¼
A−AH
A
ð9Þ
where A is the area under the experimental DF and AH is that under the
homogeneous DF.
The distribution functions were computed using a special software
from the ADSCIENTIS society (Wittelsheim, France).
3. Materials and methods
3.1. The attapulgite clay
The attapulgite used in this study was extracted from the Ghouﬁ's
region, located at the North East of Algeria. This material is a ﬁbrous
Mg clay [35], generally containing large amounts of Al(III) and Fe(III)
cations [36,37].
This clay belongs to the class of 2:1 phyllosilicates [38], in which the
sheets of the silica tetrahedrons are periodically invertedwith respect to
the tetrahedral bases. Consequently, the octahedral sheets are periodi-
cally interrupted and terminal cationsmust complete their coordination
sphere with water molecules. This conﬁguration confers ﬁbrous struc-
ture to attapulgite.
Attapulgite has carbonates, such as dolomite and calcite, in its struc-
ture. By removing these carbonates, a treatment with an acid allows the
formation of porous structure in the mineral and to create a higher
attapulgite signal 
time (s)
IGC-FC chromatogram
Peak of 
thermodesoprtion
600 2600 4600 6600 8600 10600 12600
Fig. 2. Experimental chromatogram and the associated thermodesorption peak of
attapulgite obtained with octane probe at 70 °C.
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Fig. 1. Experimental measurements of the free energy of adsorption for different probes.
surface area. In our study, this acid treatmentwas carried out in a reﬂux
system at the boiling point of the 1MHCl solution, for 6 h. The obtained
solution was ﬁltered and the residue was washed with distilled water
several times to ensure that the chloride ions were totally removed
from the residue. The sample was then dried at 110 °C overnight before
milling.
3.2. Dry grinding conditions
Three different types of grinding mills (batch ball milling, air jet
micronizer and vibratory ball mill) which were operated in a dry way,
were used to investigate the inﬂuence of grinding processes on the
properties of attapulgite.
Batch ball milling experiments were carried out using a MARNE 1
device supplied by the FAURE Equipment Company. Jars of 1 L were
ﬁlled with 1 kg of ceramic grinding medium (balls with different diam-
eters: 20% of 24 mm, 20% of 19 mm and 60% of 12 mm) and 170 g (i.e.
200 cm3) of attapulgite powder. The jars rotating speed was ﬁxed at
70 rpm i.e. 60% of the critical speed as recommended by the device pro-
vider. Two additional experiments were carried out with additives, one
with 1 wt.% of ethanol and the other one with 1 wt.% of adipic acid.
These additives were used in milling experiments in order to prevent
agglomeration of ﬁne particles.
The micronization experiments were carried out using a 50 AS pan-
cake air jetmill supplied by theHOSOKAWAMICRONCompanywith 4.0
and 3.5 bar injection and grinding pressures, respectively.
A lab-scale vibratory ballmill called “Pulverisette 0”, provided by the
Fritsch Company, was used to performmilling experiments. This device
consists in an agate vibrating vessel equipped with a 5 cm ball. The vi-
bration is mechanically transferred from the vessel to the ball that
serves as grinding tool by multi-impacts on the powder bed (impact,
friction and compression breakage mechanisms). In our experiments,
the vibration amplitude of the vessel was ﬁxed at 2 mm and 10 g sam-
ples were ground by varying the grinding time from 30 min to 60 h.
The main parameters and operating conditions for each type of mill
are summarized in Table 1.
3.3. Characterization methods
Particle size distribution measurements were performed using a
laser diffraction method on a Malvern Mastersizer 2000 device. The
samples were analysed using a dry-way feeder (Scirocco, Malvern)
with a dispersion pressure of 3.5 bars. Different diameter characteristics
for particle size distribution were obtained such as the d10, d50, d90
as well as the mean volume diameter d4/3, the Sauter or mean
surface/volume diameter d3/2, and the Span value as described in
Eq. (10), characterizing the spreading of the distribution:
Span ¼ d90−d10
d50
: ð10Þ
Particle morphology was investigated using a scanning electron mi-
croscope (Philips XL 30 model ESEM-FEG) operating at 3 kV.
Phase identiﬁcation was performed on a Panalytical X'PERT Pro dif-
fractometer (Philips) (CuKα radiation) with a step size of 0.017° for
2θ angles ranging from 5° to 80°. The 2θ values were analysed with
the X'Pert High Score software and compared with the ICDD (Interna-
tional Centre for Diffraction Data) database.
The BET speciﬁc surface areas, BET constants, meso- and micropore
volumes were determined using nitrogen adsorption at 77 K (ASAP
2010, Micromeritics) by applying the BET, BJH, and t-plot methods.
The samples were out gassed before analysis, at 105 °C for 24 h at a
pressure of 8 · 10−3 mbar.
The IGC measurements were performed with two GC devices
(Agilent 7890 A and 6890), ﬁtted with sensitive ﬂame ionization detec-
tors (FID). Heliumwas used as carrier gaswith a ﬂow rate of 30 mL/min
measuredwith an electronic ﬂowmeter (Flow500-Agilent). The injector
and detector temperatures were 130 °C and 200 °C, respectively. The
Table 1
Parameters and operating conditions for each grinding device.
Ball mill Air jet mill Vibration mill
Company Faure equipment Hosokawa Micron Fritsch
Device Marne 1 Alpine 50 AS Pulverisette 0
Equipment conﬁguration – Volume of jars (L): 1
– Amount of ceramic grinding medium (kg): 1
Diameters (mm (%))
24 (20), 19 (20), 12 (60)
– 60% of critical speed
Flow rate (g/min): 0.64
Pressures (bar):
– Injection: 4
– Grinding: 3.5
A vibrating agathe vessel
Ball diameter (cm): 5
Amplitude of vibration (mm): 2
Amount of attapulgite (additives) – 200 mL or 170 g
(1 wt.% adipic acid or ethanol)
– 12 mL or 10 g
Table 2
Operating conditions for Inverse Gas Chromatography at Inﬁnite Dilution (IGC-ID) and
Finite Concentration (IGC-FC).
IGC-ID IGC-FC
Device Agilent 7890 A and 6890
Carrier gas ﬂow Helium 30 mL/min
Conditioning temperature/duration 150 °C/oven night
Temperatures: injector/detector 130 °C/200 °C
Oven 130 °C 43 °C (octane)
53 °C (isopropanol)
Column characteristics
length/internal
diameter
20 mm/6.35 mm 10 mm/6.35 or
3.18 mm
Probes Hexane, heptane,
octane cyclooctane,
dichloromethane,
chloroform
Octane, isopropanol
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Fig. 3. Particle size distribution of attapulgite ground in the ball mill, with and without
additives.
columns were ﬁlled with a mixture of attapulgite powder and glass
beads. The amount of powder in the column was chosen according to
the pressure drop, which had to be lower than 1 bar in order to avoid
leaks at the septum and ﬁttings.
The IGC-ID study was performed at an oven temperature of 130 °C,
using stainless steel columns of 20 cm length and 6.35 mm internal di-
ameter. The columns were conditioned overnight at 150 °C, and the
analyseswere carried out at 130 °C. It is to note that the surface proper-
ties of attapulgite powder do not change at 150 °C.
The probes usedwere linear alkanes (hexane C6, heptane C7 and oc-
tane C8), a cyclic alkane, cyclooctane (Cycl8) and polar probes (chloro-
form, CHCl3, and dichloromethane, CH2Cl2). These probes were of
chromatographic grade (N99%) purity.
For IGC-FC, the chromatographic columns were 10 cm in length and
6.35 mm or 3.18 mm in internal diameter. The conditioning tempera-
ture was 150 °C. Analysis temperature depended on the probe used, ac-
cording to the Conder criterion [23]. This criterion states that the
contribution of probe vapour to the ﬂow of carrier gas should not ex-
ceed 5% of the initial ﬂow at the maximum of the chromatographic
peak. Two probes were examined by IGC-FC, octane (C8) at 53 °C and
isopropanol (IP) at 43 °C. We chose a nonpolar probe, octane, to study
surfacemorphology and a polar probe, isopropanol, to examine the sur-
face chemistry of ground samples. The various operating conditions for
IGC analysis are summarized in Table 2.
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Fig. 4. Particle size distribution of attapulgite ground in the air jet mill.
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Fig. 5. Particle size distribution of attapulgite ground in Pulverisette 0, at different times.
Table 3
Means characteristic diameters of the attapulgite particles before and after dry-grinding.
d10 (μm) d50 (μm) d90 (μm) Span d4/3 (μm) d3/2 (μm)
Attapulgite before processing 31.0 510 1159 2.21 563.2 76.8
Ball mill 3 h 9.22 25.5 58.1 1.96 30.0 13.7
3 h (1 wt.% ethanol) 2.74 16.3 136 8.22 40.5 6.75
3 h (1 wt.% adipic acid) 2.87 18.1 112 6.01 50.0 6.49
Air jet mill – 1.32 4.68 10.8 2.03 5.5 2.66
Pulverisette 0 3 h 1.08 4.87 23.0 4.49 15.7 2.55
10 h 0.68 3.06 8.29 2.48 3.86 1.66
60 h 0.70 3.36 16.3 4.63 18.0 1.77
Fig. 6.Micrographies of raw attapulgite, (a) ﬁbres and (b) carbonates.
4. Results and discussion
4.1. Particle size analysis
The performances of grinding processeswere ﬁrst evaluated by their
ability to reduce size reduction (Figs. 3, 4, 5). The results concerning the
main characteristic diameters are reported in Table 3.
The raw attapulgite is the passing fraction using a 1 mm sieve after
“Hammer crushing” and sieving of blocks extracted from the deposit.
This fraction, noted in the study as “before grinding”was taken as refer-
ence. The particle size distribution of the raw attapulgite obtained by
the measurements with the Malvern Mastersizer device, fell in the
range of 3 to 2000 μm with a main population (in volume %) centred
at about 1000 μm and a second one below 100 μm. The signiﬁcant
difference between the d4/3 and d3/2 diameters (Table 3), is a conse-
quence of the spread of the particle size distribution (presence of ﬁne
particles) which can be observed in Fig. 3.
Under the inﬂuence of grinding, independently of the process, parti-
cle size decreased considerably. However, the air jet mill and the vibra-
tory ball mill were clearly more efﬁcient than the dry ball mill. This was
especially true for the jetmill if we consider the residence time required
to obtain the size reduction.
A previous study [39] conducted in the ball mill investigated the in-
ﬂuence of milling time on particle size distribution. After 2 h, the grind-
ing process reached its limits in terms of particle size reduction. The
main characteristic diameters values obtained after 3 h were similar to
those after 2 h. All the experiments in the ball mill, with or without ad-
ditives, were performed for 3 h.
Fig. 7.Attapulgite, ground 3 h in ballmillwithout additives (a), ground3 h in ballmill with adipic acid 1% (b), ground 3 h in ballmillwith ethanol 1% (c), ground in air jetmill (d), ground 3
h in Pulverisette 0 (e) and ground 60 h in Pulverisette 0 (f).
Fig. 3. shows the size distribution after 3 h of grinding in the ball mill.
The initial main peak centred around 1000 μmmoved after 3 h of grind-
ing to a value between 10 and 100 μm.
Grinding experiments were carried out in the same ball mill in the
presence of additives (1 wt.% of ethanol or adipic acid), the role of
whichwas to avoid re-agglomeration ofﬁneparticles and/or to promote
the propagation of fronts fracture (Rehbinder effect) [40]. The size dis-
tributions show that the additives, even in very limited quantities
(1wt.% of ethanol or adipic acid) allow to reach a range of ﬁner particles.
A bimodal distribution is observed, with a population of very ﬁne parti-
cles showing diameters smaller than 10 μm. The population centred at
90 μm can result in the agglomeration of the smaller particles. So it
would be interesting to use a higher percentage of additives to limit
re-agglomeration. Higher span values (Table 3) indicate the spreading
of the size distribution in the presence of the additives, compared to
the lower span value obtained without additives that indicated a
narrower distribution. The comparison of size distribution curves ob-
tained after grinding with and without additives is a clear evidence
that there are different grinding mechanisms. At this level of the
study, it is not possible to givemore details on the breakagemechanism.
The air-jet mill led to a monomodal size distribution (Fig. 4) with a
population of very ﬁne particles having diameters smaller than 10 μm
and a small difference between the values of d4/3 and d3/2 as shown in
Table 3. In this device, due to injection and grinding pressures, the im-
pact and compression forces are higher than those involved in the ball
mill, explaining the better efﬁciency of grinding.
After a long grinding time (60 h) in Pulverisette 0, the particles
become ﬁner than in the air jet mill. Due to the vibration amplitude
and the agate ball, the impact and compression forces were higher
in Pulverisette 0 than those involved in the air-jet mill. However a
wider size distribution was observed in Pulverisette 0 (Fig. 5). The
values of characteristic diameters reached a limit after 10 h of grind-
ing (Table 3). In addition, a re-agglomeration phenomenon of very
ﬁne particles occurred and this resulted in a new peak due to a few
particles larger than 100 μm. The observed values of d4/3 and d3/2
reﬂected the signiﬁcant presence of ﬁne particles along with others
of large diameter.
After the study of the particle size distribution, scanning electronmi-
croscopy was performed to evaluate the inﬂuence of grinding on the
morphology of the particles.
4.2. Analysis of morphology and microstructure by scanning electron mi-
croscopy (SEM)
The morphological properties of raw and ground samples prepared
with various grindingmills in a drywaywere observed by SEM analysis.
The raw attapulgite is ﬁbrous (Fig. 6a), with ﬁbres having an average
length smaller than 3 μm. The cubic inclusions in the structure (Fig. 6b)
are related to carbonate impurities.
The photomicrographs (Fig. 7) show that, whatever the grinding
process, the ﬁbres became shorter and more disorganized compared
to the rawmaterial (Fig. 6a). In Pulverisette 0, ﬁbremorphologywas to-
tally destructed after 60 h milling (Fig. 7f). This structure agrees with
the re-agglomeration, which was already observed during particle size
analysis (Fig. 5).
A study of dry grinding was carried out by Vucelic [41] on an other
ﬁbrous clay, a sepiolite from Serbia, with a milling time over 24 h in a
ball mill. It was shown that, after grinding, the particles had the appear-
ance of irregular sphereswith a diameter smaller than 20 μm.According
to the author, the spherical shape was the result of the collisions of par-
ticles with the balls, but also with other particles. The SEM photomicro-
graphs revealed that these particles were spherical agglomerates
composed of numerous needle shaped particles randomly oriented.
The grinding of the same sepiolite in an air jet mill preserved ﬁbrous
morphology with the separation of bundles in isolated ﬁbres. Another
study of a Spanish sepiolite [42] revealed the stability of sepiolite
upon grinding, whatever its origin, for milling times shorter than 24 h.
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Fig. 8. X-ray diffraction patterns of attapulgite ground in ball mill, air jet mill and Pulverisette 0 (Att = attapulgite, C = calcite, D = dolomite).
In conclusion, themorphology ofﬁbres after grinding is closely relat-
ed to the nature of the solid and the grinding mechanism, which is
governed by the differences in mechanical stress and the grinding con-
ditions. In the case of the attapulgite, and except for the sample ground
during 60 h in Pulverisette 0, the different mechanical stresses induced
fragmentation of the ﬁbres without altering the original ﬁbrous mor-
phology. After a long-time (60 h) milling in Pulverisette 0, the stress
forces were strong enough to destroy the ﬁbrous structure, leading to
round shaped particle agglomerates. This observation is in agreement
with the particle size distribution analysis.
Grinding can also affect the microstructure of powders. X-ray dif-
fraction analysis was performed to evaluate the possible impact of
grinding on the attapulgite microstructure.
4.3. Analysis of microstructure and crystallite properties by X-ray diffrac-
tion (XRD)
Mineralogical analysis, carried out by XRD on dry-ground samples is
presented in Fig. 8.
The diffraction patterns of the raw material did not change after
grinding in the ball mill, in the presence or absence of additives. Themi-
crostructure of the attapulgite was, therefore, preserved in the course of
grinding in the ball mill as well as the air jet mill.
The XRD analysis of the sample milled in Pulverisette 0 during 60 h
showed no signiﬁcant change in the pattern compared to that of the
raw attapulgite. The crystalline structure was kept in spite of the high
decrease in particle size and the breakage of the ﬁbres.
Other important surface parameters are the speciﬁc surface area and
the pore volumes, which can be affected signiﬁcantly by the grinding
processes.
4.4. BET surface analysis
Table 4 shows the speciﬁc surface area values (aBET), BET constants
(CBET) and pore volumes, determined using the nitrogen adsorption iso-
therms of the attapulgite samples ground in the three grinding devices.
The dry grinding of attapulgite caused a signiﬁcant decrease in spe-
ciﬁc surface area.
In the case of the non-porous solid, the reduction of the particle size
led to an increase in external surface, which consequently induced an
increase in speciﬁc surface area.
In the case of porous solids, the surface area includes both the exter-
nal surface of the particles and their internal porous surface. The reduc-
tion of particle size in the case of a porous solid does not systematically
induces an increase in surface area [5,43]. In the case of attapulgite, the
reduction of particle size was accompanied by a decrease in the values
of speciﬁc surface area, especially after 60 h of grinding in Pulverisette
0. The observed decrease may be explained by changes in the internal
structure of attapulgite. The speciﬁc surface area of attapulgite is mainly
generated by internal pores, especially the micropores (Table 4), and
the microporous volume decreased compared to the value observed in
the case of the raw material.
Studies were performed on another ﬁbrous clay, the sepiolite, which
has a similar crystalline structure. The authors suggested the possibility
of creating amorphous particles during grinding. These ones would be
adsorbed onto the micropores and contributed to their closing. This in-
terpretationwas proposed byVucelic [41] for themilling of a Serbian se-
piolite in a ball mill. The value of the speciﬁc surface area increased from
243m2/g to 253 m2/g after 24 h, and to 236 m2/g after 120 h of milling.
The author attributed the increase in surface value during the ﬁrst 24 h
of grinding to the separation of the sepiolite ﬁbres, while the decrease
after 120 h was explained by the destruction of channels and to
amorphization. In another study on a Spanish sepiolite [42], grinding
in a ball mill caused an increase in the speciﬁc surface area during the
ﬁrst 15 min, without altering the crystal structure. At the same time,
the particle surface was affected whenmilling for 1–8 h.Mainly the tet-
rahedral sheets were destructed according to the IR analysis. Grinding
caused, therefore, a decrease in the speciﬁc surface area because the
formed amorphous particles, acting as a cementing agent, coated the
unaffected ones, according to the authors. Milling for 14–24 h induced
a complete amorphization of the solid.
In our work, in the case of attapulgite ground for 60 h in Pulverisette
0, we can suppose that the carbonates may have plugged the micro-
pores. To verify this hypothesis, a clay sample, devoided of carbonates
by an acid treatment, was milled in Pulverisette 0 under the same con-
ditions. The values of the speciﬁc surface area after grinding coupled
with acid treatment were higher than those observed after a single
grinding step without acid treatment. This phenomenon has already
been observed [23] and can be attributed to the elimination of carbon-
ates. Regarding the inﬂuence of the grinding time after the acid treat-
ment, the speciﬁc surface area decreased with the milling time (Fig. 9)
in spite of the absence of carbonates. This trend indicates that the de-
crease after 60 h grinding in Pulverisette 0 (without the acid treatment)
was only due to the change in the internal structure of the attapulgite,
and not to plugs in the pores formed by the carbonates. The destruction
0
50
100
150
200
250
300
350
a B
ET
 
N 2
 
(m
2 /g
)
Grinding time (h)
acid treatment + grinding
grinding
0 1 3 60
Fig. 9.Histogram of ground attapulgite at different times in Pulverisette 0, with andwith-
out acid treatment.
Table 4
Values of speciﬁc surfaces areas (aBET), BET constants (CBET), microporous (Vmicro) and mesoporous (Vmeso) volumes, ground in the three devices in dry way.
aBET (m2/g) CBET Vmeso (cm3/g) Vmicro (cm3/g)
Before grinding 125.1 436 0.302 0.018
Ball mill 3 h 100.3 182 0.340 0.009
3 h (1 wt.% ethanol) 78.8 150 nd nd
3 h (1 wt.% adipic acid) 75.8 170 nd nd
Air jet mill – 93.3 248 0.331 0.010
Pulverisette 0 3 h 94.8 270 nd nd
60 h 66.3 221 0.254 0.013
(nd) not determined.
of channels composing the attapulgite structure can explain the de-
crease in the speciﬁc surface area. The increase in density shown using
a helium pycnometer, supports this interpretation. It increased from
2.49 cm3/g to 2.80 cm3/g after 60 h of grinding in Pulverisette 0, due
to the disappearance of the pores.
The application of additives (adipic acid and ethanol) caused a further
decrease in the speciﬁc surface area in the case of ballmill grinding: from
100 m2/g (without additives) to values slightly lower than 80 m2/g. The
additives, however, did not prevent changes in the internal structure of
the attapulgite in the course of grinding.
After reviewing the effects of grinding on textural and morphologi-
cal properties, themodiﬁcations in surface properties were investigated
using inverse gas chromatography.
4.5. Determination of surface properties of the ground samples by IGC
4.5.1. Inverse gas chromatography of ground samples at inﬁnite dilution
(IGC-ID)
Table 5 displays the values of the dispersive components of surface
energy, γsd, the morphological index, IM(χt), and the speciﬁc compo-
nents of surface energy, Isp, of raw and dry-ground attapulgite, mea-
sured at 130 °C.
Whatever the grinding process, the dispersive component of the
surface energy of ground samples decreased slightly, except after
60 h of grinding in Pulverisette 0. In this last case, γsd changed from
164mJ/m2 to 116mJ/m2 during grinding. This change reﬂects the disap-
pearance of structural defects under mechanical stresses, reducing the
ability of alkane probes to adsorb on the solid surface. The hypothesis
is conﬁrmed by the increasing of the nanomorphology index IM(χt), ob-
tained by injecting the cyclooctane probe. This increase reﬂects the re-
duction of surface roughness during 60 h of milling in Pulverisette 0.
Taking into account the error in measurement, the values of Isp
remained unchanged, whichmeans that whatever the grinding process,
the basic character of the surface area examined by acid probes, chloro-
form and dichloromethane is not affected by the mechanical stress.
In summary, the parameters obtained by IGC-ID conﬁrmed theweak
inﬂuence of the dry milling processes on the surface properties of
attapulgite except for the 60 hmilling in Pulverisette 0. In this vibrating
device, the structure is strongly affected by the high speciﬁc energy
brought bymulti-impacts on the powder, inducing subsequently signif-
icative surface modiﬁcations.
The BET analysis showed a decrease of the speciﬁc surface area de-
spite grinding and a decrease of the particle size. The IGC-ID brought
new information in connectionwith the interaction potential of the sur-
face: the disappearance of apolar adsorption sites testiﬁed by the de-
crease of the dispersive component of the surface energy.
The IGC-ID parameters are clearly related to the adsorption sites
having the highest energy of interaction [30]. The IGC-FC analysis was
then used to provide information on the whole surface of the analysed
samples.
4.5.2. Inverse gas chromatography of ground samples at ﬁnite concentration
(IGC-FC)
4.5.2.1. Determination of speciﬁc surface area. The characteristic parame-
ters obtained by nitrogen adsorption and IGC-FC by injecting n-octane
and isopropanol probes, are collected in Table 6.
The speciﬁc surface areasmeasuredwith nitrogen at 77 Kwere close
to those measured with the octane probe. On the contrary, application
of isopropanol led to smaller values. This difference could be attributed
to the structure of the probes (polarity and steric hindrances) and to the
fact that the polar isopropanol probe adsorbs only on the most polar
part of the surface. It can also be explained by the more irreversible
character of the isopropanol adsorption compared to that of n-octane,
as conﬁrmed by their respective irreversibility indices (Iirr). As shown
in Table 6, the Iirr values obtained with isopropanol were higher than
those with octane, giving evidence that a higher part of isopropanol
adsorbed irreversibly on the solid surface at the temperature of analysis.
This irreversible adsorption contributed to the decrease in themeasured
speciﬁc surface areas computed from the reversible part of the adsorp-
tion phenomenon. The irreversibility indices, Iirr, provide additional in-
formation: the high values obtained with isopropanol prove that
milling led to high energy sites on the solid surface that could form hy-
drogen bondswith the alcohol probe. According to the highest values of
Iirr after milling for 10 or 60 h in Pulverisette 0, this way of grinding
seems to have generated the most high energy sites, probably silanol
groups.
The inﬂuence of grinding on the speciﬁc surface area, calculated by
nitrogen adsorption and IGC-FC, was also examined. It is to note that
whatever the grindingmode, the changes in the speciﬁc surface area ob-
tainedwith both organic probeswere in agreementwith those obtained
with nitrogen. A slight decrease was observed, except for the case of the
sample ground in Pulverisette 0 for 60 h. As previously said, this
Table 6
Values of the speciﬁc surface areas (aBET), BET constants (CBET) and irreversibility indexes (Iirr) of attapulgite before and after grinding, obtained by nitrogen adsorption and IGC-FC (with
octane C8 and isopropanol IP).
Adsorption N2 IGC-FC
C8 (53 °C) IP (43 °C)
aBET (m2/g) CBET aBET (m2/g)
±2.8
CBET Iirr (%)
±0.2
aBET (m2/g)
±4
CBET Iirr (%)
±0.6
Before grinding 125.1 437 114.5 9 0.6 71 22 8.3
Ball mill 3 h 100.3 182 92.6 9 0.7 68 17 12.3
3 h (1 wt.% ethanol) 75.8 170 90.3 8 0.4 73 17 17.4
3 h (1 wt.% adipic acid) 78.8 150 80.8 9 1.7 75 19 15.0
Air jet mill – 93.3 249 75.6 9 1.2 60 19 15.9
Pulverisette 0 3 h 94.8 271 86.7 9 1.5 73 20 16.2
10 h 100.2 365 86.4 11 1.7 76 23 20.2
60 h 66.3 221 62.6 8 1.2 47 25 23.4
Table 5
Values of γsd, IM(χt) and Isp of attapulgite ground in dry way, measured at 130 °C.
γsd (mJ/m2)
±4%
IM(χt)
±5%
Isp (kJ/mol)
±4%
C6,C7,C8 Cycl 8 CH2Cl2 CHCl3
Before grinding 164 0.22 17 14
Ball mill 3 h 148 0.23 16 13
3 h (1 wt.% ethanol) 146 0.23 15 12
3 h (1 wt.% adipic acid) 152 0.22 15 13
Air jet mill – 159 0.20 16 14
Pulverisette 0 10 h 142 0.27 17 14
60 h 116 0.33 17 14
variation can be explained by the alteration of the internal structure of
particles (physical alteration, such as the disappearance of porosity).
The channel structure resulting from the inversion of the tetrahedral sil-
ica [35] could explain the trend under grinding of the attapulgite.
The BET constants measured using nitrogen adsorption (Table 4)
were much higher than those obtained by IGC-FC with octane and
isopropanol, reﬂecting a greater afﬁnity of nitrogen to the surface of
ground attapulgite. A likely explanation is the difference in the analysis
temperatures (77 K for nitrogen and 316 or 326 K for the octane or
isopropanol). The higher the analysis temperature was, the weaker
the surface–probe interactions and the lower the BET constant.
In conclusion, independently from the injected probe and the grind-
ing process, surface properties of ground attapulgite remained
approximately the same for at least up to 3 h except after grinding for
60 h in Pulverisette 0. In this last case, the high energy brought by
multi-impacts between the ball and particles, induced subsequently sig-
niﬁcative surface modiﬁcations.
4.5.2.2. Characterization of surface heterogeneity. Fig. 10 shows the inﬂu-
ence of grinding in a ball mill on the distribution functions of the ad-
sorption energies (DFAE) measured on attapulgite, with the two
probes, n-octane and isopropanol.
Both probes indicated that grinding in the ball mill did not change
the DFAE in the presence and absence of additives. These results dem-
onstrate that the grinding did not cause a signiﬁcant change in surface
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Fig. 11. Distribution functions of the adsorption energies with n-octane (a) and isopropanol (b) of attapulgite before and after grinding in air jet mill.
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Fig. 10. Distribution functions of the adsorption energies with n-octane (a) and isopropanol (b) probesmeasured on attapulgite samples ground 3 h in ball mill, without additives and in
the presence of additives (adipic acid and ethanol).
heterogeneity of attapulgite ﬁbres, at least for a ball milling time shorter
than 3 h.
The distribution functions obtained with octane and isopropanol
were also slightly affected by grinding in air jet mill (Fig. 11).
Grinding in Pulverisette 0 altered the shape of the distribution func-
tion obtainedwith isopropanolmore than the one obtainedwith octane
(Fig. 12). After 3 h of grinding, the shoulders at high energies were pro-
nounced and became more intense proportionally with the duration of
milling, indicating the appearance of polar sites that could strongly in-
teract with the isopropanol probe. This result is in agreement with the
increase in Iirr. The detachment of some ﬁbres in the matrix may be re-
sponsible for the formation of these new sites, such as hydroxyl
functions.
The heterogeneity index values (Ihete) were much higher with
isopropanol (Table 7) than with octane. These differences highlight
the higher ability of isopropanol to detect surface heterogeneity by
binding to polar sites.
Heterogeneity index values calculated with the two probes are not
signiﬁcantly affected by the different modes of grinding.
5. Conclusion
The dry grinding in ball mill, air jet mill and Pulverisette 0 reduced
the particle size of attapulgite signiﬁcantly. Despite the high decrease
in the particle size in the case of shorter grinding durations, the ﬁbrous
morphology was preserved independently from the grinding process.
On the contrary, a longer duration in Pulverisette 0 destroyed the ﬁbres
completely, inducing a signiﬁcant decrease in the speciﬁc surface area,
from 125.1 to 66.3 m2/g.
The grinding stress slightly affected the parameters obtained by IGC,
except once again for Pulverisette 0. In IGC-ID, the most sensitive pa-
rameter was the dispersive component of the surface energy (γsd)
established with the injection of linear alkanes. After 60 h milling in
Pulverisette 0, the γsd decreased from 164 to 116 mJ/m2 in contrast
with of 148 and 159 obtainedwith ball mill and air jetmill, respectively.
The simultaneous decreases in the speciﬁc surface area and of theγsd can
be interpreted by a destruction of channels forming the attapulgite
structure. In this vibrating device, the speciﬁc energy brought by
multi-impacts on the powder was high enough to strongly affect mor-
phology and surface properties of attapulgite.
In CGI-FC, descriptive variables in connection with the interaction at
high energy sites, namely the irreversibility index and distribution func-
tion obtained with isopropanol seemed to prove that this mode of
grinding created new surfaces with silanol groups. For example, the ir-
reversibility index, Iirr, increased from 8.3 to 23.4 after 60 h milling. In
the two other grinding modes that were softer than Pulverisette 0,
less new surfaces were created, Iirr only increased to 12.3 and 15.9
when grinding in ball mill and in air jet mill, respectively. The ﬁbrous
morphology of the attapulgite, also exhibiting a high speciﬁc surface
area and elasticity, will facilitate the dissipation of grinding energy.
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